We analysed spatio-temporal expression of dorso-ventral genes -Wnt-7a, En-1, Lmx-1 and Fgf-8 -during both normal and ectopic limb formation following fibroblast growth factor (FGF) application to the flank. We confirm that Wnt-7a is the first of these genes to be expressed in dorsal ectoderm in limb-forming regions. We also noticed patterns and kinetics of gene expression specific to chick that could account for differences observed in ridge formation between chick and mouse. We find that Wnt-7a expression, in dorsal ectoderm, is rapidly and locally induced by FGF application. In contrast, ectopic induction of Lmx-1 expression, in dorsal mesoderm, is much slower, occurs first at a distance from the FGF-2 bead and seems initially independent of direct Wnt-7a signalling during FGF-2 limb induction. Finally, we show that there is no contribution to extra-limb mesoderm from normal limb mesoderm and confirm that flank cells give rise to the extra limb. Furthermore, we suggest that an inhibitor present in the flank normally prevents Lmx-1 expression in this region and restricts its expression to limb-forming regions. q
Introduction
Integrated signalling produced by three different organising centres is necessary to give rise to a well-formed three dimensional limb. One of these centres, the apical ectodermal ridge, is located at the interface of dorsal and ventral ectoderm (Carrington and Fallon, 1984; Kieny, 1968; Saunders and Reuss, 1974) . The ridge synthesises growth factors, including members of the fibroblast growth factor (FGF) family, which promote proximo-distal extension of the limb bud through interactions with underlying mesenchyme (Laufer et al., 1994; Niswander et al., 1994; Vogel and Tickle, 1993) . A second signalling centre is the zone of polarising activity, (ZPA) which controls patterning across the antero-posterior axis (Saunders and Gasseling, 1968; Tickle et al., 1975) and produces key-molecules including Sonic-Hedgehog (Shh) (Riddle et al., 1993) and BMPs (Drossopoulou et al., 2000) . Finally with respect to patterning of the dorso-ventral axis, dorsal ectoderm expresses the secreted molecule Wnt-7a and dorsal mesoderm, the transcription factor Lmx-1, while ventral ectoderm and the ventral part of the apical ectodermal ridge produce a member of the Engrailed transcription factor family, En-1 (Davis et al., 1991; Dealy et al., 1993; Gardner and Barald, 1992; Logan et al., 1997; Parr and McMahon, 1995; Riddle et al., 1995; Vogel et al., 1995) . Very recently, members of Bmp and Msx families have been reported to be expressed in ventral mesoderm and ectoderm (Ahn et al., 2001; Pizette et al., 2001) .
This general outline of signalling in the developing limb appears to apply to both mouse and chick limb development. However, some molecular and cellular differences have been noticed particularly with respect to the dorso-ventral axis. One marked difference is the involvement of Fringe. In chick embryo, the apical ectodermal ridge has been shown to form at the interface between cells expressing a member of the vertebrate Fringe family, Radical Fringe (R-Fng) and cells not expressing R-Fng (Laufer et al., 1997; RodriguezEsteban et al., 1997) . However, functional inactivation of RFng in mice does not lead to abnormal limbs (Moran et al., 1999) . Similarly, Wnt-3a appears to be involved in ridge formation in chick (Kengaku et al., 1998) but is not expressed in mouse limb buds. Moreover, functional inactivation of Wnt-3a in mice does not affect limb formation (Takada et al., 1994) , although inactivation of an effector acting downstream in Wnt signalling (Lef-1) does lead to limb defects (Galceran et al., 1999) suggesting that another Wnt gene family member may be involved.
In addition to these molecular differences, comparative histological studies have established fundamental differences between chick and mouse ridge in terms of cellular organisation and shape (Jurand, 1965; Todt and Fallon, 1984) . The ridge also forms later in limb development in mouse compared to chick but both regress at equivalent stages (Jurand, 1965; Martin, 1990; Wanek et al., 1989) . Lastly, we and others have shown that ridge precursors are widely distributed in prospective chick limb ectoderm at early stages (Altabef et al., 1997; Michaud et al., 1997) , while, in mouse, at later stages (E10), ridge precursors are spread over only ventral ectoderm (Kimmel et al., 2000) .
Taken together, the differences between mouse and chick which have emerged in various studies, urged us to carry out a careful expression analysis of genes related to ridge formation and dorso-ventral establishment in chick limb to confirm and supplement currently available information (Crossley and Martin, 1995; Crossley et al., 1996; Dealy et al., 1993; Logan et al., 1997; Mahmood et al., 1995; Riddle et al., 1995; Vogel et al., 1995 Vogel et al., , 1996 . In 1998, a similar kind of study was done for Wnt-7a, Lmx-1b (homologue of chick Lmx-1), En-1 and Fgf-8 expression in mouse (Bell et al., 1998; Loomis et al., 1998) . We also investigated the kinetics of expression of these genes during induction of extra-limbs from the flank by FGF-2 and whether any cells from limb-forming regions contribute to these extra limbs.
Materials and methods

Embryos
Fertilised eggs from Hisex White (hybrid of Light Sussex) chickens were incubated at 388C for appropriate times, then windowed and staged according to Hamburger and Hamilton (1951) . For the fate mapping and grafting experiments, the vitelline membrane was removed and a small amount of India ink (Rotring), diluted 1:10 in Tyrode solution, was injected under the blastoderm to improve visibility.
Whole mount in situ hybridisation
Whole mount RNA in situ hybridisation was performed using a non-radioactive digoxygenin (DIG) probe. The reaction was carried out essentially as described by Wilkinson (1992) and staining was obtained using NBT/BCIP reagents (Boehringer Mannheim). Specimens were refixed using 4% paraformaldehyde (PFA) in phosphate buffered saline (PBS) prior to storing or sectioning. For sectioning, embryos were embedded in 0.45% gelatin/27% albumen/ 18% sucrose solution, transversely sectioned on a vibratome at 50 mm and further cleared in 90% glycerol/PBS. Photographs of whole mounts were taken using conventional Fujichrome 64T film whereas sections were analysed on a Zeiss Axioskop and imaged either using an attached digital Spot camera (Diagnostic Instrument) or using conventional Fujichrome 64T film.
FGF-2 bead implantation
Implantation of heparin acrylic beads (H5263, Sigma) of 100-150 mm diameter, soaked in FGF-2 (1 mg/ml, 133-FB-025, R&D System) to young embryos was essentially performed as described by Cohn et al. (1995) . A superficial slit in the ectoderm of stage 14-15 embryos was made at flank level allowing the bead to be inserted into lateral plate mesoderm at the correct position. For older embryos (stage 16-17), the bead was placed in the flank which was already thickened. After grafting, embryos were moistened and reincubated at 388C. Harvesting and fixation in 4% PFA were performed at a series of times after bead implantation.
Mesoderm fate mapping
Lipophilic DiI (1,1-dioctadecyl-3,3,3 0 ,3 0 -tetramethylindo-carbocyanine perchloride, Molecular probes D-282) at 3 mg/ml in dimethylformamide was used. This cell-fate tracer is incorporated in the cell plasma membrane by iontophoresis via microelectrodes in ovo, using a 9 V battery (Altabef et al., 1997) . This procedure labels a patch of tissue containing approximately five to 15 cells. Microelectrodes were filled with a small quantity of tracer, backfilled with 1 M lithium chloride and used to pierce the ectoderm and to label lateral plate mesoderm underneath. The current is not applied before the electrode is in contact with mesoderm. Sections showed that the ectoderm is not contaminated by DiI. Embryos were subsequently incubated for 24 or 48 h at 388C prior to being removed from the egg, dissected in Ringers solution and fixed in 4% PFA. Embryos were then bisected longitudinally and mounted on a slide in PBS. Analysis was performed using confocal microscope (Bio-Rad MRC 600).
Tantalum barrier graft
A slit was cut through flank ectoderm, mesoderm and endoderm using flame-sharpened 100 mm tungsten wire. A piece of impermeable 7.5 mm thick tantalum foil (Goodfellow #TA000280) cut into pieces that ranged from 300 £ 300 to 750 £ 300 mm 2 size, then held to the desired position and its edge was forced down through all three germ layers of the embryo using 5F Dumont forceps. The embryo was then immediately grafted with FGF-2 bead (see above).
Results
Expression patterns of Wnt-7a, Lmx-1, Fgf-8 and En-1 at early limb bud stage in chick embryos
We detected Wnt-7a in dorsal ectoderm of presumptive forelimb and hindlimb prior to limb budding, at least from stage 15 in embryos of the Hisex strain chickens (white eggs). Embryos of the Fasso strain (brown eggs) express Wnt-7a also in flank ectoderm at stage 15 (data not shown). From stage 17 onwards, Wnt-7a expression is intense but speckled (arrow heads in Fig. 1A ) and confined to dorsal ectoderm at limb level (Fig. 1A , B) but is not present in flank ectoderm except in ectoderm rimming and between somites (arrows on Fig. 1A ).
Lmx-1 is detectable from stage 15 1 onwards and is homogeneously expressed in dorsal but not ventral limb mesoderm (Fig. 1C, D) . Expression occurs concomitantly in foreand hindlimbs even though it is usually more pronounced in forelimbs first. At early stages, a thin layer of mesoderm directly beneath the ectoderm is devoid of Lmx-1 expression (Fig. 1D) ; later, staining covers the entire dorsal mesoderm and becomes more intense (data not shown).
Fgf-8 is expressed prior to limb budding in presumptive apical ectodermal ridge from stage 16 (Fig. 1G) . Expression occurs first in forelimb then in hindlimb (see Fig. 3E ). Initially, expression is speckled (compare forelimb and hindlimb in Fig. 3E ). After apical ridge compaction, the domain of Fgf-8 expression remains the same but expression becomes more intense (Fig. 1E, F) .
En-1 is detected prior to limb formation at stage 15 1 , in ventral ectoderm of both presumptive fore-and hindlimbs (data not shown). From stage 16-17, it is expressed ventrally in ectoderm from anterior forelimb down to tail including flank ectoderm (Fig. 1H, I ). At later stages, staining also encompasses ventral apical ridge in limb buds and persists at least until stage 26/27 (Fig. 1J) .
Ectopic Wnt-7a expression is induced rapidly by FGF-2
FGF-2 beads were implanted at stage 14-15 and embryos fixed 2, 6, 16 or 24 h later. Ectopic Wnt-7a expression is not visible 2 h after FGF-2 bead implantation ðn ¼ 8Þ. At this stage, endogenous expression at normal limb level has not yet started. After 6 h, Wnt-7a expression is induced in dorsal ectoderm covering the FGF-2 bead and over a large surround- ing area including ectoderm covering adjacent somites ( Fig.  2A, n ¼ 8) , reminiscent of the expression profile described in normal mouse embryos (Parr and McMahon, 1995) . Expression is strictly restricted to the dorsal compartment. By 16 h after FGF-2 bead implantation, the dorsal ectoderm of the entire flank on the operated side expresses Wnt-7a if the bead is implanted in mid-flank (Fig. 2B , n ¼ 11) but there is no expression now in ectoderm over the somites, apart from the ectoderm rim (Fig. 2B, C, n ¼ 3) .
In all embryos analysed, ectopic Wnt-7a expression never occurred before endogenous expression but concomitantly with it. This suggested that either flank is not competent to express Wnt-7a before a certain length of exposure to FGF-2 (i.e. 6 h) or before a certain stage. In order to discriminate between these two hypotheses, we implanted FGF-2 beads into embryos at stage 16 rather than 14-15. Under these circumstances, an extra-limb does not form although an outgrowth is induced. In contrast to the previous situation, embryos harvested as early as 2 h after bead implantation at stage 16 show ectopic Wnt-7a expression (Fig. 2D, n ¼ 4) . These results show that Wnt-7a can be induced in dorsal ectoderm from stage 16 onwards suggesting that Wnt-7a induction in response to FGF-2 is related to morphogenetic stage.
Ectopic expression of En-1, Fgf-8 and Shh is induced later
En-1 is expressed both in limbs and flank in a dorsoventrally restricted fashion during normal development. Two and 6 h after implanting an FGF-2 bead to stage 14-15 embryos, En-1 expression is unchanged (Fig. 3A , n ¼ 9 at 2 h and n ¼ 10 at 6 h). After 16 h, an ectopic bud begins to emerge and the flank becomes thicker. Concomitantly, En-1 expands in the ventral ectoderm of the nascent bud (Fig. 3B, n ¼ 9) . At 24 h, En-1 expression starts to fade in the ventral ectoderm of normal limbs and become restricted to ventral ridge but in ectopic buds it persists homogenously in ventral ectoderm, reflecting the time lag between normal and induced limb outgrowth (Fig. 3C, n ¼ 3) .
In normal limb development, Fgf-8 is expressed just prior to ridge formation (Fig. 1G) . Sixteen hours after FGF-2 bead implantation, Fgf-8 is expressed in forelimb and starts to be expressed in hindlimb (Fig. 3E , n ¼ 3) but is not induced in ectopic limb buds until 24 h (Fig. 3D-F , n ¼ 12) when it forms a continuous stripe down the side of the embryo.
Shh expression is also a late event after an FGF-2 bead implant. It is expressed after 24 h in the ZPA of the extrabud (Fig. 3H, n ¼ 8) . No expression of Shh is detectable either at endogenous or ectopic level after 16 h (Fig. 3G , n ¼ 3). Thus like Wnt-7a, ectopic expression of Shh takes place concomitantly with endogenous expression.
Ectopic Lmx-1 expression expands from normal limb fields towards the extra-limb bud
In contrast to the other genes studied here, ectopic Lmx-1 expression starts in the flank surprisingly far from the implanted FGF-2 bead and is never induced directly around it ðn . 90Þ. At 2 and 6 h, no endogenous or ectopic expression can be detected (Fig. 4A , n ¼ 5 and n ¼ 6, respectively) but, by 16 h, the normal dorsal mesoderm domain of expression has expanded up to 1.5 somite length from limb-forming regions towards the bead (Fig. 4B, n ¼ 6) . By 24 h, all dorsal flank mesoderm expresses Lmx-1 (Fig. 4C , n ¼ 6). One possible explanation for the fact that Lmx-1 expression is induced far away from the FGF-2 bead, is that Lmx-1 expression is inhibited by high concentrations of FGF-2 and the region next to the bead is above the threshold level that allows Lmx-1 expression. To test this, we implanted the FGF-2 bead into the limb region itself, in stage 13 embryos at somite levels 18 or 19. However, in these embryos, the level of Lmx-1 expression around the and harvested at indicated time. Note induction of Wnt-7a expression in ectoderm covering somites adjacent to bead (arrow heads in (A) and enlargement in the inset, the dashed line shows demarcation between dorsal ectoderm and ectoderm covering the somites). In (B), bead is implanted at level of somite 23, i.e. in mid-flank, giving rise to an extra-limb centred in flank; whereas in (C) it is implanted at level of somite 22 giving rise to an extra-bud located more anteriorly. Wnt-7a labelling is only in anterior flank. Red arrows indicate FGF-2 bead.
bead after 20 h is not reduced (Fig. 4D , n ¼ 13) as would be expected if high concentrations of FGF inhibit Lmx-1 expression. On the contrary, it is slightly enhanced compared to the contralateral untreated limb region. In some cases, the domain of expression also expanded towards the flank in a similar fashion to those cases in which FGF-2 is implanted in the flank (Fig. 4D) . flank level and immediately labelled a small spot of mesoderm with lipophilic DiI by iontophoresis, either in the limb region or in the flank adjacent to the bead. Embryos were incubated for further 24 or 48 h and distribution of labelled cells examined.
In control non-grafted embryos, labelled mesodermal cells were found in a relatively compact area slightly elongated perpendicularly with respect to the antero-posterior axis of the embryo, in both limb and flank (Fig. 5A, B) . Interestingly, we have previously shown that, at flank level, a labelled spot of ectodermal cells, expands parallel to the main axis of the embryo (Altabef et al., 1997) . Hence mesoderm and ectoderm in the flank of chick embryos have orthogonal planes of expansion.
When FGF-2 beads were implanted, DiI-labelled mesodermal cells in presumptive limb regions (wing or leg) were not diverted towards the flank (Fig. 5C, D; n ¼ 15 at 24 h, n ¼ 7 at 48 h), even cells in the very posterior part of the presumptive wing region (level of somite 20). Instead they extended into developing limb buds. Labelled mesodermal cells in the flank adjacent to the bead give streams of cells perpendicular to the antero-posterior axis of the embryo (Fig. 5E, F; n ¼ 11 at 24 h, n ¼ 3 at 48 h) and eventually, these labelled cells are incorporated into the extra-limb. These results demonstrate that Lmx-1 expressing cells in the flank do not originate from the limbs.
We attempted to analyse the mechanism involved in Lmx-1 expansion further by inserting impermeable tantalum barriers across the flank, between the wing-forming region and the FGF-2 bead. The barriers were up to four times the size of the bead, and inserted through ectoderm, mesoderm and endoderm, before implantation of the FGF-2 bead. With this spectacular set up, we impaired Lmx-1 ectopic expression in 35% of the cases (12/35), achieving a complete inhibition of the expansion in half of the cases and a diminution of the level of Lmx-1 expression in the other half. In the remaining 65% (23/35), Lmx-1 expression expanded into the flank as in embryos without barriers.
Discussion
Analysis of expression of limb dorso-ventral genes
Our analysis of expression patterns of genes known to be restricted with respect to the dorso-ventral axis, just prior and during chick limb formation, showed that Wnt-7a is expressed earlier in limb-forming regions than En-1 and Fgf-8 and prior to Lmx-1 expression in mesoderm confirming previous data (Crossley and Martin, 1995; Crossley et al., 1996; Dealy et al., 1993; Logan et al., 1997; Mahmood et al., 1995; Riddle et al., 1995; Vogel et al., 1995 Vogel et al., , 1996 . Wnt-7a expression coincides with mesodermal expression of snail, Fgf-10 and Tbx genes (Isaac et al., 2000) which have previously been reported to be among the earliest genes known to be expressed in limb-forming regions.
We noticed several differences compared to mouse embryos especially in relation to ridge compaction. In chick embryos, Wnt-7a and Lmx-1 expression is dorsoventrally restricted well before ridge formation. In contrast, in mouse these genes only become dorsally restricted as the ridge compacts (Bell et al., 1998; Loomis et al., 1998) and prior to this, Wnt-7a is expressed in 2/3 of the limb ectoderm and the entire mesenchyme expresses Lmx-1. The fact that Wnt-7a and Lmx-1 are expressed over more than half the limb field in mouse could mean either that the dorsal territory extends more ventrally at first and then is put back in place after ridge formation, or that these genes are not initially dorsally restricted and therefore cannot be considered as molecular dorsal markers in mouse limb. In mouse, an initial gathering of the ridge precursors at the ventral surface leads to a thickening of the ventral half of the forming ridge (Loomis et al., 1998) while such a thickening is not observed in chick (Fig. 1G; Jurand, 1965; Todt and Fallon, 1984) . Furthermore, ridge precursors are ventrally located at late pre-limb budding stage in mouse (Kimmel et al., 2000) while they are mainly in the dorsal region in chick (Altabef et al., 1997; Michaud et al., 1997) . Indeed, chick Fgf-8 expression is restricted to the ridge-forming area whereas in mouse, Fgf-8 occupies the distal half of the ventral limb bud ectoderm before ridge formation, overlapping with En-1 expression, and then becomes restricted to the multilayered ridge (Bell et al., 1998; Crossley and Martin, 1995; Loomis et al., 1998) . Ridge regression is also probably quite different between the two species as En-1 is expressed both dorsally and ventrally in mouse late ridges (Kimmel et al., 2000) whereas we show here that it remains ventrally restricted in chick.
Kinetics of induction of gene expression during extralimb budding
The sequence of gene expression with respect to the dorso-ventral axis is perfectly normal in extra-limbs. Wnt7a is induced first in ectoderm near the bead at 6 h after FGF application at stage 14-15. However, this lag is due to the fact that Wnt-7a can only be expressed ectopically from stage 16 onwards. When FGF is applied later, at stage 16, ectopic Wnt-7a expression is induced almost immediately after bead implantation. This spatial and temporal pattern of ectopic expression of Wnt-7a is similar to that of ectopic snail expression induced by FGF-2 beads (Isaac et al., 2000) . Recently, it has been shown, that Wnt and FGF signalling alternate in limb initiation and ridge formation (in this case Wnt-2b, -8c and -3a; Kawakami et al., 2001) . The induction of Wnt-7a expression in dorsal ectoderm by FGF signalling is another example in which these two signals are linked.
In contrast to rapid induction of Wnt-7a expression in ectoderm over the bead, Lmx-1 expression starts at least 10 h later and expands from the normal limb area at several somites distance from the bead. However, the same beads do not inhibit Lmx-1 expression when placed in the limbforming regions suggesting that this is not due to concentration effects. This change in Lmx-1 expression pattern following FGF-2 application is reminiscent of the one described for Tbx genes (Isaac et al., 2000) ; in both cases, expression seems to spread into the flank from nearby limbs although this spread is slower with Lmx-1.
The apparent spread of expression of some genes from limbs into flank after FGF application is intriguing. We showed here that this cannot be due to cells migrating from limb-forming regions into the flank and we confirmed that the additional limb is formed from flank cells (see also Cohn et al., 1997) . Nevertheless, since impermeable barriers placed between limb-forming region and flank can prevent spread of Lmx-1 expression from the limb-forming regions it seems that ectopic Lmx-1 expression in the flank may depend on limb-bud-flank interactions. The barrier experiments also appear to rule out a role for cytonemes, even though FGF has been shown to promote the polarised growth of such structures (Ramirez-Weber and Kornberg, 1999) . Altogether, our experiments suggest that an inhibitor of Lmx-1 is present in the flank preventing its expansion and that this inhibitor is regulated by FGF. If the concentration of this repressor is higher in the middle of the flank and lower at the edges, it could explain why the inhibitor is progressively lifted, under the action of FGF, starting in areas next to the limb-forming regions.
It should also be noted that Lmx-1 expression seems, at least initially, uncoupled from Wnt-7a expression. Even though many experiments in chick embryos suggest that Lmx-1 is a target of the Wnt-7a signalling pathway in the limb bud (Grieshammer et al., 1996; Kengaku et al., 1998; Noramly et al., 1996; Ohuchi et al., 1997; Riddle et al., 1995; Ros et al., 1996; Vogel et al., 1995) , Riddle et al. (1995) were unable to achieve ectopic Lmx-1 expression in chick flank following Wnt-7a retroviral infection. Thus chick flank may initially be devoid of intermediate effectors of the Wnt-7a signalling cascade leading to Lmx-1 induction. Another and non-exclusive possibility would be that Lmx-1 expression requires the lifting of a flank repressor before cells can become responsive to the inductive effects of Wnt-7a. Hence, the action of the FGF could be to induce Wnt-7a in the ectoderm and to induce competence in the mesoderm to respond to Wnt-7a. It should be noted that several lines of evidence in mouse embryos have also uncoupled Lmx-1 expression from Wnt-7a expression during early stages in limb development (Bell et al., 1998; Cygan et al., 1997; Loomis et al., 1998) . Altogether, these results suggest that Lmx-1 is induced by a factor found exclusively in the limb field and that this signal is blocked in the flank, ensuring that Lmx-1 expression is strictly confined to dorsal aspect of the limb bud itself.
